The energy bands, density of states and Compton profiles of tungsten have been computed using band structure methods, namely the spin-polarized relativistic Korringa-Kohn-Rostoker (SPR-KKR) approach as well as the linear combination of atomic orbitals with Hartree-Fock scheme and density functional theory. The full potential linearized augmented plane wave scheme to calculate these properties and the Fermi surface topology (except the momentum densities) have also been used to analyze the theoretical data on the electron momentum densities. The directional Compton profiles have been measured using a 100 mCi 241 Am Compton spectrometer. From the comparison, the measured anisotropies are found to be in good agreement with the SPR-KKR calculations. The band structure calculations are also compared with the available data.
Introduction
During the past few years, several authors [1 -8] have reported on the electronic and optical properties of W using non-self-consistent, self-consistent, nonrelativistic and scalar-relativistic electronic band structure calculations. The partial success of these calculations has put increasing interest in some improved electronic structure calculations. It is well known that the Compton profile, J(p z ), provides a useful test of abinitio electronic structure calculations [9, 10] . Regarding Compton scattering studies on W, isotropic Compton profiles employing 59.54 keV γ-rays have been reported [11] . The electron momentum densities and directional Compton profiles using semi-relativistic augmented plane wave (APW) calculations within the local density approximation (LDA) have also been computed [12] . In these calculations, relativistic massvelocity corrections have been incorporated, while the spin-orbit coupling has been neglected.
The objectives of the present investigations are: (a) to calculate some electronic properties of a 5d heavy transition metal like W using different electronic structure schemes and compare it with the available 0932-0784 / 08 / 1000-0703 $ 06.00 c 2008 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com data; (b) to compare the theoretical directional Compton profiles with our directional experimental findings and the available theoretical profiles; and (c) to interpret the experimental data of W in terms of Fermi surface topology.
This article presents a benchmark study on the energy bands and the density of states using a linear combination of atomic orbitals (LCAO) within the HartreeFock (HF) scheme and the density functional theory (DFT), full-potential linearized APW (FP-LAPW) calculations, and the spin-polarized relativistic KorringaKohn-Rostoker (SPR-KKR) approach. The directional Compton profiles have also been computed using the LCAO and the SPR-KKR formalisms. To compare and contrast our theoretical results, we have also measured the directional Compton profiles of W, using our first ever shortest geometry-based 100 mCi 241 Am (59.54 keV) Compton spectrometer.
Computations

KKR Calculations
Our first-principles calculations were based on the SPR-KKR within the LDA approach [13 -15] . In this method, the crystal potential is treated within the atomic sphere approximation. The restriction of the angular momentum expansion for the major component of the wave function to l max leads to a neutral cut-off for the expansion of all other quantities relevant for the self-consistent field (SCF) iteration. In the present calculations for bcc W (a = 3.165Å) a cut-off of l max = 2 was taken. The number of reciprocal points for the SCF iterations was taken to be 10,648, which resulted in 834 points in the irreducible section of the Brillouin zone. An energy convergence within 0.01 mRy was kept in the relativistic calculations. The LDA to the exchange-correlation potential [16] along with the BROYDEN2 method [17] was employed. To calculate the valence Compton profiles, we have summed up the direction-dependent spinup and spin-down Compton line shapes. The contribution of the core Compton profile was taken from the available free atom data [18] . 
FP-LAPW Calculations
In order to obtain the electronic structure of W using the FP-LAPW scheme, we have used the WIEN2k code [19, 20] . In this formalism, we have also used local orbitals (lo) for the high lying semi-core states. This method is supposed to give accurate results, as no shape approximation is made for the potential or charge density. In the present work, the radius of the muffin-tin sphere R MT was chosen to be 2.5 a. u. The generalized gradient approximation (GGA) and the LDA schemes of [21, 22] were followed. The convergence criterion was set to 0.01 mRy; this is considered sufficient owing to the use of lo and APWs. For band structure calculations, 20 vectors in the irreducible Brillouin zone [500 (7 × 7 × 7) points] together with R MT K max = 7.0 were used. The maximum radial expansion was set to 10.
LCAO Calculations
We have also calculated the electronic structure using a linear combination of atomic orbitals as embodied in the CRYSTAL-03 code [23 -25] . In the absence of all electron basis sets, the calculations were performed in the framework of ab-initio pseudo-potential (PP) with HF scheme, the DFT with LDA and GGA, Vosko-Wilk-Nusair [30] and the hybridization of HF scheme to DFT (so called B3LYP) [23] . In the PP formalism, the electron Hamiltonian operator includes kinetic, Coulomb, exchangecorrelation, and effective core pseudo-potential (ECP) operators. It is worth mentioning that in the HF calculations the exact exchange interaction between electrons is taken care of, while the correlation effects are neglected. In case of DFT calculations, both the exchange and the correlation effects are treated approximately within the LDA and GGA. The exchange and correlation potentials [22 -30] , which were used in the present calculations, are listed in Table 1 . The basis sets of W were taken from [31] . The SCF calculations were performed at 328 k-points in the irreducible Brillouin zone.
All the theoretical directional profiles were normalized to 26 .54 e − , being the area of the free atom Compton profile in the momentum range 0 -7 a. u. [18] .
Experimental
For the directional Compton measurements we have employed a 3.7 GBq (100 mCi) 241 Am Compton spectrometer [32, 33] . For each individual measurement, identical single crystals of W (diameter, 8 mm; thickness, 3 mm) along the three major symmetry orientation [100], [110] , and [111] were held vertically in the scattering chamber. The γ-rays, scattered on a mean angle of (165 ± 1.5) • , were analyzed with a high-purity Ge detector. The overall momentum resolution of the spectrometer was 0.55 a. u. Gaussian full width at half maximum (FWHM). In each measurement, about 10.3 · 10 6 counts under the Compton peak were accumulated in about 560 h of exposure time. The background was measured separately and then subtracted point by point from the above data, after scaling it to the counting time of the sample. Thereafter the measured profile was corrected for the effects of detector resolution, energy-dependent absorption in the sample, Compton cross-section, and multiple scattering following the approach of the Warwick group [34, 35] . 
Results and Discussion
Energy Bands and Density of States
The energy bands and the density of states, computed within the FP-LAPW, PP-DFT and SPR-KKR Figure 3 . It is due to the inclusion of the spin-orbit interaction in the SPR-KKR calculation.
In case of a semi-relativistic treatment (Figs. 1 and 2) , this loop is derived from bands, which cross along the symmetry lines from Γ to H. On the other hand, in Γ -P direction a loop-like structure remains even after the inclusion of the spin-orbit corrections. It indicates that Γ -P is less affected by the inclusion of the spin-orbit interaction.
In Figs. 1 and 2 three bands cross the Fermi level along the line Γ H, one of which is doubly degenerated. In Fig. 3 , the spin-orbit interaction in the SPR-KKR scheme lifts this degeneracy. It is seen that the 5d energy band at Γ 25 shows splitting with two levels at −1.715 and −1.171 eV. Within the SPR-KKR approach, the 5d energy band at H 25 , also shows a similar splitting at 4.579 and 5.293 eV. In Figs. 1 and 2 (Fig. 2 ) and the present B3LYP calculations (not shown here) give a very narrow s-d shift, viz. 0.275 and 0.678 eV, respectively. An underestimation of the s-d shift may be due to some limitations of the pseudo-potential eigenfunctions. In Table 2 we compare few characteristic eigenvalues of the occupied energy bands calculated within the SPR-KKR, FP-LAPW, and PP-DFT schemes and the other available data [3, 5, 12] for the sake of comparison, all the computed and available eigenvalues corresponding to Γ 1 are taken to be zero.
The density of state (DOS) curves shown in the lower panel of Figs. 1 -3 illustrate the contributions of the 6s, 6p, and 5d states to the total density. These curves along with the energy bandwidths of the valence bands confirm that the first two fully occupied bands have a mixed contribution of the 6s, 6p, and 5d states. The third band which crosses the Fermi level has contributions from the s and p states below the Fermi energy and a dominant contribution due to the d states above the Fermi level. The DOS curves reflect that the fourth band represents major contributions from the d states. The fifth band, which has small electron pockets, arises predominantly from the d state. 
Fermi Surface and Compton Profiles
The first Brillouin zone for the bcc structure is shown in Figure 4a . is seen that at the origin (Γ point) of the Brillouin zone a closed octahedral body describes an electron 'jack'. The octahedral body is connected with six balllike protrusions along the Γ H direction. Third bandbased small hole pockets are visible at N. Since the directional Compton profiles are sensitive to the geometrical shape of the Fermi surface, the main features of the Fermi surface topology can also be understood in terms of the electron momentum densities. The present experimental and theoretical directional Compton profiles along with the semi-relativistic APW profiles [12] are presented in Figure 5 . The theoretical profiles have been convoluted with the instrumental resolution of 0.55 a. u. (Gaussian FWHM). It is seen that the APW [12] and our DFT-GGA and B3LYP calculations exhibit almost similar behaviour. These theories overestimate the J hkl (p z ) in the low momentum range, p z < 1.0 a. u., while a reverse trend is seen in the vicinity of p z = 2.0 a. u. The PP-HF calculations show the poorest agreement with the experiment. For all directions, the SPR-KKR calculations show an overall better agreement with the experiment. The inset in Fig. 5a demonstrates a trend of agreement between the KKR theory and the experiment.
It is observed that the experimental values of J 100 (0), J 110 (0), and J 111 (0) are (8.963 ± 0.011), (9.225 ± 0.011), and (9.256 ± 0.011) e/a. u., respectively. J 111 (p z ) at p z = 0 has the maximum value which implies that the overall momentum density is largest along the [111] direction. This behaviour can be understood by the fact that the projection of the momentum density J 111 (p z ) misses the hole Fermi surfaces at p z = 0. Since it is difficult to pick up any major structure in the absolute directional profiles, the data are analyzed via their anisotropic profiles as
The directional difference profiles exhibit characteristic oscillations, whose amplitudes are determined by details of the wave functions, while their pitch along the p z -axis is coarsely determined by the fine structures of the momentum densities. Therefore, the anisotropy can be correlated to some specific features of the Fermi surface topology. [100] directions. The fine structures in the SPR-KKR calculations may be due to the removal of degeneracy at few points of the Brillouin zone, which implies a redistribution of the electron density due to relativistic effects. Now we interpret the periodicity in the anisotropic Compton profiles on the basis of the Fermi surfaces of W, consisting of hole or electron states. The overall shape of the Compton line is due to the first and second bands, which are filled. As can be seen from Fig. 4e , at the Γ point the plane of integration normal to the [100] direction will contain electron jacks at Γ and holes at N and H. At Γ H distances, the contribution of the occupied states is dominated by holes; there-fore the momentum density will be small at p z = n · 2π a , where n = 1, 2, 3 . . . . Furthermore, the plane of [110] scattering contains electron jacks at the point Γ and holes at N and H. This is also supported by the energy bands shown in Figs. 1 -3 . At the point Γ there are degenerate states near E F at Γ 25 and Γ 12 , while at the N and H points such degeneracy is missing. In this case the holes and electrons contribute almost equally, so that there are no enhanced structures in the profile. Due to the disordered ellipsoidal holes centered at N, the momentum density corresponding to the Γ N distances (0.745n a. u.) will give concave structures at these points. On the other hand, the plane for [111] scattering at p z = 0 contains electron jacks at the Γ point and small hole pockets at N. The major contribution is from the jacks at Γ . Contribution due to a small hole-type structure at the Γ P (0.910n a. u.) distances leads to shallow concavities.
The oscillations found in different anisotropies are consistent with the energy bands and the Fermi surface topology. In the case of anisotropies with respect to [100], J 111 − J 100 and J 110 − J 100 , the positive amplitudes at p z = 0 are due to concaves on J 100 at Γ H distance (n 2π a = 1.05n for W). Since the Γ electron jacks are extended towards the Γ H distances, J 100 does not show a concave structure for n = 1. The crossover of anisotropies near p z = 0.5 a. u. is due to the crossing of bands in the Γ H directions. The negative oscillation at about 0.7 a. u. in J 110 − J 100 is due to the concave structure of J 110 arising from ellipsoidal holes centered at N in the Σ branch. In the case of J 111 the major contribution from the electron jacks at the Γ point gives a higher momentum density, which results in the largest value of J 111 at p z = 0 and is reflected in the anisotropies. Similarly, negative oscillations in J 111 − J 110 near p z = 2.0 a. u. are due to the small depressions of J 111 near the Γ P distances.
Conclusions
We have discussed the electronic properties of W using the pseudo-potential, SPR-KKR, and FP-LAPW schemes. The first ever seen experimental anisotropies in Compton profiles are in a better agreement with the SPR-KKR theory. The anisotropy in the momentum density is discussed in terms of energy bands and Fermi surface topology. Synchrotron-based high resolution Compton measurements are required to reconfirm the applicability of the present SPR-KKR calculations in heavy transition metals like W.
